Emission factors for selected volatile organic compounds (VOCs) and particulate emissions were developed while processing eight commercial grades of polycarbonate (PC) and one grade of a PC/acrylonitrile-butadiene-styrene (ABS) blend. A small commercial-type extruder was used, and the extrusion temperature was held constant at 304 ºC. An emission factor was calculated for each substance measured and is reported as pounds released to the atmosphere/million pounds of polymer resin processed [ppm (wt/wt)]. Scaled to production volumes, these emission factors can be used by processors to estimate emission quantities from similar PC processing operations.
INTRODUCTION
The Clean Air Act Amendments of 1990 (CAAA) mandated the reduction of various pollutants released to the atmosphere. As a result, companies are faced with the task of establishing an "emissions inventory" for the chemicals generated and released by their production processes. The chemicals targeted are those considered volatile organic compounds (VOCs) and those that are on the U.S.
Environmental Protection Agency's (EPA) current list of 188 hazardous air pollutants. Title V of the CAAA establishes a permit program for emission sources to ensure an eventual reduction in these chemical emissions. When applying for a state operating permit, processing companies are required to establish a baseline of their potential emissions. 1 In response to the needs of the plastics industry, the Society of the Plastics Industry, Inc. (SPI) organized a study to determine the emission factors for extruding polycarbonate (PC) homopolymers, copolymers, and blends. Sponsored by two major resin producers, the study was performed at Battelle. This work follows previous SPI/ Battelle studies on the emissions from acrylonitrilebutadiene-styrene (ABS), 2 polyethylene, 3 ethylene-vinyl acrylate and ethylene-methyl acrylate copolymers, 4 polypropylene, 5 and polyamide. 6 There are limited literature references about emissions from PC, but most of these use static, small-scale procedures and were intended to predict emissions from either a fire scenario or worker exposure. 7, 8 These procedures do not accurately simulate the temperature profile and oxygen exposure conditions typical of extrusion processing. Static testing usually exposes the resin to temperatures outside (both greater than and less than) typical extrusion temperature ranges and to atmospheric oxygen for extended periods of time. During commercial processing, the resin is molten for a few minutes at most, and the equipment is designed to force air out of contact with the melt in the barrel. Hot resin is in contact with oxygen only briefly as it exits the die. In light of these differences, the data obtained from static tests are of limited use in predicting emissions from commercial processing.
Greater accuracy would, of course, be possible by measuring emissions from actual production equipment. Because operating parameters can influence the type and quantity of emissions, the greatest accuracy can be achieved by studying each process. Parameters that can influence emissions include extruder/injection molder size and type, melt temperature, processing rate, the ratio of air-exposed surface to the volume of the product, and shear effects caused by screw design. Variables associated with the material being processed that can also affect emissions include resin type, age of the resin, additive packages, and heat history of any recycled resin. It would be a daunting task to design and implement emission studies for all combinations of processing variables.
To strike a balance between the inapplicability of static tests and the complexity of measuring each process, SPI and major PC producers initiated work to develop baseline emission factors for PC processing under conditions that would provide reasonable reference data for similar processing operations. Extrusion was chosen as the preferred process because of its continuous nature and the ability to reach steady-state conditions for accurate measurement. Extrusion is also believed to have higher emission rates than other processes, such as injection molding operations, 9 and, therefore, should lead to more conservative extrapolations.
For the current study, three composites and six single resins were evaluated (see Table 1 ). The composites were a blend of Bayer Makrolon and Dow Calibre intended for food contact, compact discs, and UV-stabilized product markets. Bayer then tested three grades of Makrolon intended for radiation-stabilized, impact-modified, and ignition-resistant markets. Dow tested a radiation-stabilized grade, a branched PC, and a PC/ABS blend.
Sampling and analytical measurements were conducted to determine emission factors for the following:
• total particulate matter;
• total VOCs; • eight targeted VOCs: methylmethacrylate, monochlorobenzene, carbon tetrachloride, methylene chloride, p/m-xylene, styrene, o-xylene, and toluene; and • four targeted semi-volatile organic compounds (SVOCs): diphenylcarbonate, bisphenol A, phenol, and p-cumyl phenol. The targeted organic species were chosen based on their known or expected presence as thermal and thermal oxidative breakdown products of the polymers selected for study.
EXPERIMENTAL
Resin Blending Procedure For runs 1-3, equal portions of each contributed resin were homogeneously mixed in 10-gal metal cans to form a composite blend immediately before the test run. Each container was filled to approximately two-thirds of capacity and then thoroughly blended by rotation on an automated can-rolling device. Each resin (runs 4-9) or resin mixture (runs 1-3) was placed in a drying hopper and dried at 126.7 ºC for 6 hr to a dew point of -28.9 ºC.
Extruder Operating Procedures
The HPM Corp. 1.5-in., single-screw, 30:1 L/D (length-todiameter ratio), 15-hp plastic extruder was thoroughly cleaned before the PC experiments. The extruder is capable of ~27.2 kg/hr throughput and 426.7 °C (maximum) barrel temperatures for the three heat zones. A specially constructed screw used on a previous polyamide study 6 was used and is shown in Figure 1 . An eight-strand die head used in previous SPI-sponsored emission studies was used for this study and is shown in Figure 2 . The die head was cleaned and inspected, the holes were reamed to a 3/16-in. diameter, and the surface was polished before the start of experimental work. Each PC resin or mixture was initially extruded for 10-20 min before the actual test run to ensure stable process conditions. During this time, the total VOCs were monitored by online instrumentation to indicate equilibration of the exhaust effluent. A check of operating parameters was recorded initially and at 5-min intervals during each 20-min test run. These parameters included • check that the temperature at the die head had reached target and was stable; • check that the RPM setting was at 60% (60 RPM);
• check of the extruder cooling water flow (in and out); • check of manifold airflow rates; and • check of the flow settings for all sampling equipment. For each test run, a second repetitive run was carried out immediately after completion of the first run using the same operating conditions. Duplicate runs were conducted to allow better assessment of sampling and analytical precision.
Die Head Emission Collection
The stainless-steel emission-sampling manifold is shown in Figure 3 . Emissions were entrained in pre-conditioned air (i.e., purified through a charcoal filter). Incoming filtered air was preset at a flow of 400 L/min using the variable flow blower and were maintained at this rate for all test runs. This flow was directed through the laminar flow head assembly and across the extrusion die head. The variable flow blower on the receiving side of the manifold system was adjusted to match the 400-L/min inlet flow. Additional flow from the sampling equipment resulted in ~10% greater flow into the receiving end of the sampling manifold. Smoke tubes were used during the test runs to confirm efficient transfer of the emissions.
The manifold was equipped with multiple ports for connecting the various sampling devices. Each port was 0.25-in. o.d. and protruded 1 in. into the airstream. The 
Sampling and Analysis Methods
The methods employed for characterizing the emissions from the resin extrusion process are summarized in Table 2 . Detailed information is provided in the following sections.
Target VOCs. The collection and analysis of target VOCs followed EPA Method TO-14A guidelines. Evacuated and polished SUMMA 6-L canisters (100 mtorr) were used to collect whole air samples. The 6-L canisters were initially cleaned by placing them in a 50 ºC oven and using a five-step sequence of evacuating to less than 1 torr (1 mm of mercury vacuum) and filling to ~4 psig (lb/in. 2 gauge) using humidified ultra-zero air. A final canister vacuum of 100 mtorr was achieved with an oil-free mechanical pump. Each canister was connected to the sampling manifold, and a 20-min integrated sample was obtained during the collection period. After collection, the canister pressure was recorded, and the canister was filled to 5.0 psig with ultra-zero air to facilitate repeated analyses of air from the canister.
A Fisons MD 800 gas chromatographic (GC) system equipped with parallel flame ionization detectors (FID) and mass spectrometric detectors (MSD) was used to analyze the target VOCs present in the canister samples. The GC contained a cryogenic preconcentration trap. The trap was a 1/8-× 8-in. coiled stainless steel tube packed with 60/80 mesh glass beads. The trap was maintained at -185 ºC during sample collection and at 150 ºC during sample desorption. A six-port valve was used to control sample collection and injection. Analytes were chromatographically resolved on a Restek Rtx-1, 60 m × 0.5 mm i.d. fused silica capillary column (1 µm film thickness). Optimal analytical results were achieved by temperature-programming the GC oven from -50 to 220 ºC at 8 ºC/ min. The column exit flow was split to direct one-third of the flow to the MSD and the remaining flow to the FID. The mass spectrometer (MS) was operated in the total ionization mode so that all masses were scanned between 30 and 300 amu at a rate of 1 scan/0.4 sec. Identification of VOCs was performed by matching the mass spectra acquired from the samples to the mass spectral library from the National Institute of Standards and Technology (NIST). The sample volume was 60 cm 3 . With this sample volume, the FID detection level was 1.0 ppb. Detector calibration was based on instrument response to known concentrations of dilute calibration gas containing the target VOCs (traceable to NIST calibration cylinders). The calibration range extended from 0.1 to 1000 µg/L.
Target SVOCs. XAD-2 adsorbent tubes were used to collect SVOC emissions. Analyses were carried out using a GC/MS system. The adsorbent cleaning, sampling, and analytical procedures are described in the next paragraphs. The sampling module consisted of an inlet jet equipped with a quartz fiber filter (Pallflex) and a glass cartridge packed with precleaned XAD-2 (Supelco). The filters were purged in an oven (450 ºC) overnight before use. The XAD-2 cartridge assembly was sealed at both ends, wrapped with aluminum foil, and labeled with a sample code.
Single XAD cartridge sampling was conducted over a 20-min collection period using nominal flow rates of 4 L/min. An SKC sampling pump was used to draw the sample into the cartridge assembly. A mass flow meter (0-5 L/min) was used during the sampling period to measure actual flow rate. After sampling, the XAD-2 assembly was capped and stored in a refrigerator. For runs 1A, 2A, and 5B, a known amount of bisphenol-A (deuterated, d 6 ) was spiked onto the XAD-2 cartridge just before sampling.
The filter/XAD-2 samples from each run were extracted separately with dichloromethane for 16 hr. The extracts were concentrated by evaporation with a KudernaDanish (K-D) apparatus to a final volume of 10 mL. The concentrated extracts were analyzed by GC/MS to determine SVOC concentrations.
A Hewlett Packard Model 5973 GC/MS, operated in the electron impact mode, was used. Sample extracts were analyzed by GC/MS in the full mass scan mode to determine SVOC levels. A fused silica capillary DB-5 column, 60 m × 0.32 mm i.d. (0.25 µm film thickness), was used for analyte resolution. The initial GC oven temperature was 70 ºC. After 2 min, the temperature was programmed to 150 ºC at 15 ºC/min and then to 290 ºC at 6 ºC/min. Helium was used as the carrier gas. The MS was set to scan from m/z 35 to 500 amu at 3 scans/sec. Identification of the target analyte was based on a comparison of mass spectra and retention times relative to the corresponding internal standards (naphthalene-d 8 and phenanthrene-d 10 ). Tentative identification of nontarget compounds was accomplished by manual interpretation of background-corrected spectra together with an online library search.
Total Particulate Material. The concentration of particulate emissions was determined by passing a sample of the exhaust effluent through a pre-weighed filter and then conducting a gravimetric analysis of the sampled filter. The pre-weighed filter (8 × 10 in.) and holder were inserted into the exhaust port of the sampling manifold. The sample volume was determined from a calibrated orifice and Magnehelic gauge located on the sample manifold blower. A flow rate of 200 L/min was used during the 20-min test runs. Gravimetric analyses of the filter before and after sampling were carried out in a controlled environmental facility (temperature 21 ± 1 ºC, relative humidity 50 ± 5%). The filters were preconditioned to the controlled environment for 24 hr and then weighed.
Total VOCs. A VIG Industries Model 20 total hydrocarbon analyzer equipped with a hydrogen flame ionization 
Total Manifold Flow
The total manifold exhaust flow for the individual test runs was needed for the eventual calculation of emission factors. Table 3 lists the total flows for each test run. The orifice ∆P value is the observed reading for each run. From the experimentally derived regression equation, flow = 74.223(∆P) + 119.77 (R 2 = 0.9943), a flow rate (typically expressed as L/min) through the blower can be determined using this ∆P value. However, the flow across the orifice was originally calibrated at 75 °F (23.8 °C). The Rankine temperature (°R) is commonly employed (°R = °F + 459.67). To correct the flow to the manifold operating temperature of 140 °F (60 °C), the following flow orifice equation was used: (1) where Q 1 was the flow rate during test runs, Q 2 was the flow rate at 75 °F (535 ºR), T 1 was the temperature of the exhaust air (ºR), and T 2 was the temperature at calibration (535 ºR).
A temperature correction factor of 0.944 was applied to the flow rate during the test runs to determine the flow rate at 75 °F. In addition, the flow rates from the individual sampling components were needed to obtain a total manifold flow. The total manifold flow is shown in the last row of Table 3 . For all test runs, the total manifold flow was balanced at the preset incoming flow rate of 400 L/min. Emission Factors Amounts of the target chemicals detected in the manifold exhaust flow are shown in Table 4 (µg/L). Emission factors for the amount of target chemicals detected for each resin tested (µg/G) were calculated from the measured emission levels in Table 4 using this formula:
where E was µg emissions/g processed resin, C was the measured concentration of emissions in µg/L, F was the total manifold flow rate in L/min, and O was the resin throughput in g/min. Emission factors (µg/G) are summarized in Table 5 . Dimensional analysis shows that these emission factors can also be read as lb emissions/ million lb resin processed.
Significance of Emission Factors
This study provides emission data collected during extrusion of various PC resins under specific operating conditions. The calculated emission factors can be used by processors to determine their expected annual emissions, which are used to categorize industrial sites under the 1990 CAAA. The most stringent current limitation is 10 t/year of VOC emissions within an extreme O 3 management area.
A processor with equipment similar to that used in this study could extrude 100-800 million lb/year of PC, depending upon the product mix, before achieving maximum permit levels. In less restricted areas, where the VOC emissions can be up to 50 t/year, the processor could potentially process 5 times this amount.
RESULTS
The primary results of the study are shown in Table 5 . Some specific observations are as follows:
(1) Overall emissions were low. Many grades indicated less than 100 lb emissions/million lb PC processed. Processing conditions differed from resin to resin, most notably by temperature, so emission data from different resins were not directly comparable. (2) The PC/ABS blend produced the highest emissions. This was predicted by the previous SPIsponsored ABS study. (3) Impact-modified PC was the next highest emitter. Again, this was expected because this blend contained a toughener component. Table 5 shows that very good precision was observed for the nine duplicate runs across all four measurement techniques. Calculated precision was 8% for particulate matter, 6% for VOCs, 14% for targeted VOCs, and 15% for SVOCs. Several of the targeted VOCs were either nondetectable or present at extremely low levels in all resins, particularly carbon tetrachloride, methylene chloride, o-xylene, and toluene. Others, such as p,m-xylene and styrene, were only present in the PC/ABS blend.
CONCLUSIONS
The data collected in this study provide processors with a baseline for estimating emissions generated by PC resins processed under similar conditions. Discrepancies between total VOCs (as measured by the total hydrocarbon analyzer) and total SVOCs (as measured by gas chromatography) are a result of differences in instrument calibrations. The larger value of the two should be used to ensure conservative estimates. The emission factors reported here may not represent those for other PC types or for other methods of processing. Professional judgment and conservative measures must be exercised as necessary when using these data for estimating emission quantities.
